Loss of function mutations in the gene ATP13A2 are associated with Kufor-Rakeb Syndrome and Neuronal Ceroid Lipofuscinosis, the former designated as an inherited form of Parkinson's disease (PD). The function of ATP13A2 is unclear but in vitro studies indicate it is a lysosomal protein and may interact with the presynaptic protein alpha-synuclein (aSyn) and certain heavy metals. Accumulation of aSyn is a major component of lewy bodies, the pathological hallmark of PD. Atp13a2-deficient (13a2) mice develop age-dependent sensorimotor deficits, and accumulation of insoluble aSyn in the brain. To better understand the interaction between ATP13A2 and aSyn, double mutant mice with loss of Atp13a2 function combined with overexpression of human wildtype aSyn were generated. Female and male wildtype (WT), 13a2, aSyn, and 13a2-aSyn mice were tested on a battery of sensorimotor tests including adhesive removal, challenging beam traversal, spontaneous activity, gait, locomotor activity, and nest-building at 2, 4, and 6 months of age. Double mutant mice showed an earlier onset and accelerated alterations in sensorimotor function that were age, sex and test-dependent. Female 13a2-aSyn mice showed early and progressive dysfunction on the beam and in locomotor activity. In males, 13a2-aSyn mice showed more severe impairments in spontaneous activity and adhesive removal. Sex differences were also observed in aSyn and 13a2-aSyn mice on the beam, cylinder, and adhesive removal tests. In other tasks, double mutant mice displayed deficits similar to aSyn mice. These results indicate loss of Atp13a2 function exacerbates the sensorimotor phenotype in aSyn mice in an age and sex-dependent manner.
Introduction
ATP13A2 is a P 5 -ATPase located on lysosomes whose physiological function and substrate specificity are unclear [1] [2] [3] . Studies suggest it is involved in multiple cellular functions including heavy metal homeostasis, lysosomal and endo-lysosomal proteostasis, and mitochondrial homeostasis [4] [5] [6] [7] [8] [9] [10] [11] [12] . Loss of function mutations in ATP13A2 are associated with several neurodegenerative conditions including KuforRakeb Syndrome (KRS), neuronal ceroid lipofuscinosis (NCL), and most recently complicated hereditary spastic paraplegia [3, 13, 14] . KRS is classified as an inherited form of Parkinson's disease (PD; PARK9), the most common neurodegenerative movement disorder [3] . In vitro studies focusing on the link with PD show loss of function of ATP13A2 in fibroblasts and dopamine neurons leads to multiple lysosomal defects [2, 5, 6] . In conjunction with the lysosomal defects, loss of ATP13A2 expression is shown to increase aSyn accumulation and toxicity, mitochondrial fragmentation, and production of reactive oxygen species [5] [6] [7] [8] [9] 15, 16] . Studies also involve ATP13A2 in the exosomal externalization of aSyn, indicating a potentially important role for ATP13A2 in PD [11, 12] .
Within the ATP13A2-associated diseases there is substantial heterogeneity in age of onset, severity, and symptom profile [3, 13, 14] . For example, KRS can include bradykinesia and rigidity similar to PD but also ataxia, dementia, spasticity, and supranuclear gaze palsy [3] . In NCL, common clinical features include cerebellar ataxia, dementia, seizures, and visual impairment [13] . Complicated hereditary spastic paraplegia can also include dementia, ataxia, seizures, and extrapyramidal symptoms in addition to lower limb spasticity [17] . Age of onset can vary from juvenile (age < 21 years old) to young onset (age 21-40 years old) [13, 18, 19] . It has also been suggested that loss or knockdown of ATP13A2 may modify PD onset and risk [20] . Indeed, a recent study showed ATP13A2 variants are common in leucine-rich repeat kinase 2 (LRRK2) PD cases, the most common genetic form of PD, and may hasten disease onset and/or progression [21] .
While it is generally considered that the majority of PD cases are caused by gene-environment interactions, gene-gene interactions may also be important in influencing disease onset and progression [21, 22] . Examples of known gene-gene interactions in PD include Parkin and PINK1, LRRK2 and Parkin, VPS35 and EIF4G1, GBA and SNCA (aSyn), ATP13A2 and SNCA, and most recently ATP13A2 and LRRK2 [4, [21] [22] [23] [24] [25] [26] [27] .
In vitro studies establishing a relationship between loss of function of ATP13A2 and aSyn are compelling [4] [5] [6] . However, the few in vivo studies to date show inconsistent results regarding ATP13A2 and aSyn accumulation [28] [29] [30] [31] . Viral overexpression of ATP13A2 and aSyn did not protect against aSyn toxicity in the substantia nigra in rats [29] . Differential effects are also observed in ATP13A2 null (13a2) mouse lines, as one study found abnormal aSyn accumulation in the brain while the other did not [28, 30] . The mouse line with increased abnormal aSyn in the brain also exhibited increased triton-insoluble aSyn in the ventral midbrain in response to systemic manganese administration [31] . In contrast, in the 13a2 mouse line that did not show abnormal accumulation of aSyn in the brain, overexpression of mutant A53T aSyn through crossbreeding did not exacerbate pathology measured [30] . However, the timing (ATP13A2 may need to precede aSyn overexpression) and level of overexpression of ATP13A2 are likely important determinants in viral vector studies and in crossbreeding studies the promoter and type of aSyn being expressed (mutated or wildtype) are known to yield differential phenotypes and pathology [32] .
The present study sought to determine the behavioral effect of loss of Atp13a2 function in mice that overexpress human WT aSyn under the thy1 promoter [28, [33] [34] [35] [36] [37] . Here, 13a2 and aSyn overexpressing mice, both backcrossed onto a C57Bl/6 background, were crossbred to create double mutant 13a2-aSyn mice. Female and male wildtype (WT), 13a2, aSyn, and 13a2-aSyn mice were tested at 2, 4, and 6 months of age on a battery of sensorimotor tests shown to be sensitive in both 13a2 and aSyn mice [28, 34] . The effect of the double mutation on sensorimotor performance, aging, and sex was measured.
Materials and methods

Animals
Animal care was conducted in accordance with the United States Public Health Service Guide for the Care and Use of Laboratory Animals, and procedures were pre-approved by the Institutional Animal Care and Use Committee at Northeast Ohio Medical University and University of Cincinnati. Mutant 13a2 mice backcrossed onto a C57Bl/6 background were bred with aSyn mice also backcrossed onto C57Bl/6 to create 13a2 heterozygous and aSyn overexpressing mice (13a2 hetaSyn) [28, 33] . Mutant 13a2 het-aSyn mice were then bred with 13a2 het mice to create 13a2-aSyn double mutant mice. Animals were maintained on the C57BL/6-background and littermates were never bred together. The genotype of all WT, 13a2, aSyn, and 13a2-aSyn mice was confirmed by polymerase chain reaction (PCR) amplification analysis of DNA from tail tips at weaning and euthanasia. Female and male mice from 36 litters were included in the study. The n-size for female mice ranged from 13 to 15 mice per genotype and for males there were 13−14 mice per genotype for a total of 108 mice. All mice were group housed and provided free access to water and standard rodent chow throughout the experiment except during behavioral testing procedures. Animals were maintained on a reverse light/dark cycle with lights off at 10 a.m. and lights on at 10 p.m.. Behavioral procedures were conducted during the dark cycle under red or low light.
Sensorimotor tests
All mice were tested for adhesive removal, motor performance and coordination, spontaneous activity, gait, locomotor activity, and nest building in that order. Potential stress induced by handling and restraint in some tests and the impact of multiple tests was taken into consideration when establishing test order. Mice were run on multiple tests in one day but no more than three tests were performed over the course of the day (ex. beam, cylinder, and gait). Depending on the cohort size, the time between tests was approximately 15-25 min. Nest building was always performed last because it requires mice to be individually housed and that could influence performance on some tests such as the activity tests. Mice were tested at 2, 4, and 6 months of age. Body weight and temperature were also measured at each age. Testing was performed over a 4−7 day period.
Adhesive removal
Motor response to sensory stimuli was measured using the adhesive removal test [34] . Small adhesive stimuli (Avery adhesive-backed labels, one-quarter inch round) were placed on the snout of the mouse, and the time to remove the stimulus was recorded. Each animal received three trials, and the trials were alternated between mice, so that each mouse had an intertrial interval of at least two min. All testing was performed in the animal's home-cage, and cage mates and enrichment were temporarily removed during testing because they can interfere with stimulus removal. If the animal did not remove the stimulus within 60 s, the experimenter removed it, and the trial for the next mouse was initiated. Stimulus removal time was calculated for each animal.
Challenging beam
Motor performance and coordination was measured with the challenging beam traversal test [28, 34] . Briefly, the beam consists of four sections (25 cm each, total length = 1 m), each section having a different width. The beam starts at a width of 3.5 cm and gradually narrows by one cm increments to a final width of 0.5 cm. Animals were trained to traverse the length of the beam starting at the widest section and ending at the narrowest section. Animals received two days of training prior to testing; on the day of the test a mesh grid (one cm squares) of corresponding width was placed over the beam surface leaving approximately a one cm space between the grid and the beam surface. Animals were then videotaped while traversing the grid-surfaced beam and videos were rated on slow motion by an experimenter blinded to genotype. Errors per step, steps, and time to traverse the beam were measured across five trials and the means of those trials were included in the analysis.
Spontaneous activity
Spontaneous movements of the mice were measured in a small, transparent cylinder 15.5 cm high and 12.7 cm in diameter [28, 34] . The cylinder was placed on a piece of glass with a mirror positioned at an angle beneath the cylinder to allow a clear view of movements along the ground and walls. Spontaneous movements were recorded for 3 min. Videotapes were viewed and rated in slow motion by an experimenter blinded to mouse genotype. The number of rears, forelimb and hindlimb steps, and time spent grooming were determined for each mouse.
Gait
To measure gait, animals were trained to walk through a narrow alley leading into their home-cage. Once trained, paper was placed along the alley floor and each animal's hindlimbs were brushed with non-toxic paint (Crayola © , Easton, PA). Animals were then placed at the beginning of the alley. As they walked into their home-cage they left their paw prints on the paper underneath [28, 34, 38] . Stride length was determined by measuring the distance between hindlimb prints. Only strides made while continuously walking (no stopping) were included in the analysis. Stride lengths at the beginning and end of the alley were not counted since animals tend to make irregular steps at the beginning and typically stop and make smaller steps just before entering the cage.
Locomotor activity
Locomotor activity was measured in an open field arena (56 × 35 × 19 cm) similar to previous studies in the aSyn mouse line [39, 40] . The floor of the open field bin was marked with equal sized grid squares in order to determine the amount of locomotor movement by each mouse (grid or line crosses) in a 15-min period. The number of line crosses and rears were measured for each mouse.
Nest building
To measure nest building, pre-weighed cotton was placed into the feeder bin of the cage in individually housed mice [28, 34] . Mice then pull the nesting material from the feeder and build a nest. The amount of cotton remaining in the feeder was measured after 24 h. Percent cotton used was determined for each mouse.
Statistics
ANOVA and non-parametric statistics were used to compare the effect of genotype and age on behavior. For data that met the assumptions of ANOVA, a 4 × 3 mixed design ANOVA with genotype (WT, 13a2, aSyn, and 13a2-aSyn) as the between factor and age (2, 4, 6 months of age) as the repeated factor was used. For analyses comparing sex, a 2 × 3 mixed design ANOVA with sex as the between factor and age as the repeated factor was used for each genotype. Tukey's Honest Significant Difference (HSD) was used for all post hoc analyses. For data that did not meet the assumptions of ANOVA (homogeneity of variance, normal distribution, and independence of sample), non-parametric tests were used and included Mann-Whitney U for comparisons between groups and Wilcoxon Sign Rank for within groups. The level of significance was set a p < 0.05. All statistics were calculated using MATLAB or StatPlus®: Mac 2009.
Results
Body weight and temperature
Body weights were measured at 2, 4, and 6 months of age for both female and male mice (Table 1) . For females, all genotypes gained weight as they aged and there were no significant differences between genotypes. Similar to previous studies in male aSyn mice, there were significant differences between genotypes (Genotype main effect: F [3,49] = 29.83, p < 0.01), with aSyn mice weighing significantly less than WT mice at each age [34, 41] . In addition, at the 6m age 13a2-aSyn mice also weighed significantly less than WT mice. Body temperatures did not differ between genotypes or across age in either female or male mice (Table 1) .
Sensorimotor tests
Below, the behavioral results are organized according to 1) tests that show an acceleration of behavioral anomalies in females or males, 2) tests where behavioral alterations are similar between aSyn and 13a2-aSyn mice, and 3) tests where male mice performed worse than female mice. Tables S1 and S2 show the results of the parametric analyses and include main and interaction effects, degrees of freedom, F-values, and pvalues for analyses in female (Table S1 ) and male (Table S2) mice.
Exacerbation of sensorimotor deficits
In several tests female and male 13a2-aSyn mice either displayed behavioral anomalies earlier or the alterations progressed more than the other genotypes. For earlier onset, in females in the locomotor activity test, 13a2-aSyn mice made more line crosses compared to WT mice at 2m of age (Fig. 1A) . Rearing in females in the locomotor activity test was also significantly increased in female 13a2-aSyn mice compared to WT at 4m of age (Fig. 1B) . In males, adhesive removal latency was significantly longer in 13a2-aSyn compared to WT mice at 2m (Fig. 1C) . For accelerated progression, in females on the challenging beam, aSyn and 13a2-aSyn mice made significantly more errors per step compared to WT mice at 2m of age; however, the impairment significantly progressed with age only in 13a2-aSyn mice ( Fig. 2A) . In males in the cylinder test of spontaneous activity, rearing did not differ at 2 and 4m of age between male genotypes. However, at 6m, male 13a2-aSyn mice made significantly fewer rears compared to the other genotypes and compared to the earlier 4m testing (Fig. 2B ).
Comparable alterations in aSyn and 13a2-aSyn mice
In several of the behavioral outcomes female or male aSyn and 13a2-aSyn mice showed similar changes in behavior. For females, [41] [42] [43] [44] [45] [46] [47] [48] [49] latency to remove a stimulus was significantly increased in both aSyn and 13a2-aSyn mice compared to WT mice at 6m of age (Fig. 3A) . In nestbuilding, female aSyn and 13a2-aSyn mice used significantly less cotton compared to WT mice at each age tested (Figs. 3B) . For males, on the challenging beam, aSyn and 13a2-aSyn mice made significantly more errors per step compared to WT mice at each age tested. Both genotypes also showed significant progression with errors per step significantly increasing at 4m of age in aSyn and 6m of age in 13a2-aSyn mice (Fig. 4A) . For steps on the beam, male aSyn mice made fewer steps compared to WT at each age tested, while 13a2-aSyn male mice made fewer steps compared to WT at 6m of age (Fig. 4B) . In hindlimb stepping, male aSyn and 13a2-aSyn made significantly fewer hindlimb steps compared to WT at each age tested. Further, at 6m, hindlimb stepping decreased even more in 13a2-aSyn mice compared to the earlier age (Fig. 4C) . In open field, male aSyn mice made more line crosses compared to WT at 2 and 4m and 13a2-aSyn mice made more line crosses at 4m. Both male aSyn and 13a2-aSyn mice increased activity at 4m compared to 2m (Fig. 4D) . Similarly, rearing in the open field was increased in aSyn and 13a2-aSyn at 4m of age compared WT and compared to their 2m testing (Fig. 4E) . Finally, male aSyn and 13a2-aSyn mice used significantly less cotton compared to WT mice at each age tested similar to females (Figs. 4F).
Sex differences
Sex differences have been shown in the thy1-aSyn (Line 61) mouse line previously and were detected in the present study [42] . On the challenging beam, male aSyn and 13a2-aSyn mice made significantly more errors per step at each age compared to female aSyn and 13a2-aSyn mice (Table 2 ). There were no sex differences in beam performance in WT or 13a2 mice. In the cylinder test of spontaneous activity, hindlimb stepping values were significantly lower in male aSyn and 13a2-asyn mice compared to females of the same genotype (Table 2) . Lastly, in the adhesive removal test, removal latencies were longer in male 13a2-aSyn mice compared to female 13a2-aSyn mice at each age tested and male aSyn mice displayed longer removal latencies compared to female aSyn mice at 4m of age (Table 2 ).
Additional outcomes
For spontaneous activity in the cylinder in females, there were no significant differences between genotypes or age in rears, hindlimb steps, and groom time (Tables S1 and S3 ). In forelimb stepping, there was a main effect of genotype and interaction in females, with most mice showing a decrease in forelimb stepping with repeated testing due to habituation except for the aSyn mice (Table S3 ). In males, a similar habituation effect in forelimb stepping was observed in each genotype (Table S4 ). In addition, 13a2-aSyn male mice made fewer forelimb steps at 6m compared to WT at the same age (Tables S2 and  S4) . A decrease in grooming was detected in male aSyn and 13a2-aSyn mice at 2m and at 6m only aSyn mice differed from WT mice (Table S4 ).
In the challenging beam test, time to traverse on the beam did not differ between genotypes or with age in females (Table S5 ). For males on the beam, aSyn mice at 6m of age took longer to traverse the beam than WT mice (Table S5 ). For number of steps on the beam in females, there were main effects of genotype and age and WT mice showed a decrease in steps at 6m of age (Table S5) . Fig. 1 . Early behavioral anomalies in 13a2-aSyn female and male mice. In the locomotor activity test, female 13a2-aSyn mice made more locomotor movements compared to WT mice at 2 m (A) and made more rears compared to WT at 4 m (B). In the adhesive removal test (C), male 13a2-aSyn removal latency was increased compared to WT at 2 m. Boxes highlight behavioral alterations earlier in 13a2-aSyn mice. *, **, *** represents p < 0.05, 0.01,0.001 respectively, compared to WT at same age. ΔΔ represents p < 0.01 compared to 2 m within the same genotype. 4 × 3 Mixed design ANOVA, Tukey's HSD post hoc. N-sizes = 13-15 per genotype. Fig. 2 . Progression of motor alterations in 13a2-aSyn female and male mice. On the challenging beam (A), errors per step increased with age in female 13a2-aSyn mice. For spontaneous activity (B) rears decreased with age in male 13a2-aSyn mice. *, ** represents p < 0.05, 0.01, respectively, compared to WT at same age. Δ, ΔΔ represents p < 0.05, 0.01 compared to 2m within the same genotype. 4 × 3 Mixed design ANOVA, Tukey's HSD post hoc. Nsizes = 14-15 per genotype.
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Gait was measured in all mice. Stride length in females and males did not differ between genotypes or age (Table S6 ). For maximum stride difference, there was a significant interaction in females but no significant differences between WT and the other genotypes. Female 13a2 mice did show a significant increase in stride difference at 6m of age (Table S6 ). There were no effects on stride difference in male mice. Tables 3 and 4 summarize all the behavioral outcomes in female (Table 3 ) and male (Table 4) mice.
Discussion
Gene-gene interactions in PD may modulate disease risk, onset, and severity. In the present study, the effect of the interaction between loss of function of the lysosomal ATPase ATP13A2 and increased aSyn burden on sensorimotor function was determined in vivo. Double mutant 13a2-aSyn mice displayed an acceleration of sensorimotor deficits compared to WT, 13a2, and aSyn mice. Depending on the test, age, and sex, double mutant 13a2-aSyn mice either displayed differences in behavior earlier as in locomotor activity and adhesive removal or behavior deficits were more progressive as in the challenging beam and cylinder tests. These results provide in vivo support for the earlier in vitro findings of a potentially detrimental interaction between loss of ATP13A2 and aSyn [4] [5] [6] 43] . This suggests that reduced ATP13A2 levels may be able to modulate aSyn pathology, such that it leads to an earlier onset of motor dysfunction and/or faster progression.
The sensorimotor phenotypes of aSyn and 13a2 mice have been previously characterized [28, 34, 42] . Although both genotypes show alterations in motor function, the aSyn line develops a more pronounced and earlier phenotype compared to 13a2 mice including increased errors per step on the beam, reduced hindlimb stepping in the cylinder, increased locomotor activity in the open field, and increased adhesive removal time [28, 34, 42] . Whereas 13a2 mice do not display deficits in beam performance, spontaneous activity, or nestbuilding until much older at ∼20-27 m of age [28] . In the double mutant 13a2-aSyn line, mice displayed alterations in locomotor activity and adhesive removal at a younger age compared to the other genotypes. Female 13a2-aSyn mice showed an increase in locomotor activity compared to WT at two months of age, whereas, aSyn mice did not show an increase in activity until four months of age. Similarly, male 13a2-aSyn mice showed a slight but significant increase in time to remove sensory stimuli compared to WT at two months of age. Adhesive removal time in aSyn mice did not differ from WT until four months of age. Progression of deficits also differed in 13a2-aSyn compared to the other genotypes. Female 13a2-aSyn mice made significantly more errors per step on the beam at six months compared to their two-month testing and although aSyn mice displayed an increase in errors per step, the deficit did not progress. In males, rearing in the cylinder was similar between all genotypes at two and four months of age but sharply decreased in 13a2-aSyn mice at six months. Comparable decreases were not observed in the other genotypes. These results highlight the effect of aging, the most significant risk factor in PD.
Of note is that the rearing response differed between the cylinder and locomotor activity tests in both the females and males. Rearing either did not change (as in the females) or it decreased in the cylinder (as in the 6m males), while in locomotor activity when rearing was altered it was increased. However, the criteria for scoring rearing behavior did not differ between the cylinder and locomotor activity tests, the mouse must go from all four limbs on the floor to standing upright on only the hindlimbs. This indicates that the environmental context had a differential effect on the frequency of rearing. The open field is likely a stronger environmental stimulus than the cylinder that interacts with the underlying pathology in mutants. Contributing test factors may include the size of the cylinder and that it restricts locomotion and that the open field allows for more goal-directed behaviors compared to the cylinder. In addition to widespread neuronal overexpression of aSyn in the brain, corticostriatal abnormalities and elevated levels of tonic extracellular dopamine in the striatum have been shown in aSyn mice compared to WT [39, 44] . Taken together though, the behavioral findings support an exacerbation of the sensorimotor phenotype with the combination of loss of Atp13a2 and increased aSyn burden.
Overall, the double mutant 13a2-aSyn phenotype more closely resembled that of the aSyn rather than 13a2 mice, suggesting aSyn levels and pathology are a strong driver of the sensorimotor deficits observed [28, 34] . Indeed, in several tests both 13a2-aSyn and aSyn mice showed similar changes in behavior compared to WT mice. In females, 13a2-aSyn and aSyn mice had deficits in adhesive removal and nest building that were comparable in their magnitude and rate of progression. In males, errors per step on the challenging beam, hindlimb stepping in the cylinder, locomotor activity, and nest building were also comparable between 13a2-aSyn and aSyn mice and replicate behavioral anomalies previously shown in aSyn mice [34, 37, 39, 40] .
Differences between female and male mice in this aSyn line have been reported previously and were observed in the present study [40, 45] . In the aSyn overexpressing mice the transgene is inserted in the X chromosome and random inactivation of the X chromosome may account for differences between the sexes [33, 42] . Indeed, recent work shows female aSyn mice express less human aSyn compared to males [45] . Given this, we powered the present study large enough to detect sex differences (females = 13-15 mice per genotype, males = 13-14 mice per genotype). Sex differences in several of the tests were detected in the aSyn and 13a2-aSyn mice with male mice showing increased sensorimotor alterations compared to females. In hindlimb stepping in the cylinder, female aSyn and 13a2-aSyn mice did not statistically differ between genotypes at any age. In contrast, male aSyn and 13a2-aSyn showed a robust decrease in hindlimb stepping at each age tested. For errors per step on the beam, both female aSyn and 13a2-aSyn mice displayed significant deficits; however, in male aSyn and 13a2-aSyn Fig. 3 . Double mutant 13a2-aSyn female mice have sensorimotor deficits comparable to aSyn mice in some tests. In the adhesive removal test (A) both aSyn and 13a2-aSyn female mice had increased removal latencies at 6 m. Similarly, in nestbuilding (B), aSyn and 13a2-aSyn female mice used less cotton for nesting. *, **, *** represents p < 0.05, 0.01, 0.001, respectively, compared to WT at same age. Δ, ΔΔ represents p < 0.05, 0.01, respectively compared to 2m within the same genotype. 4 × 3 Mixed design ANOVA, Tukey's HSD post hoc or Mann-Whitney U and Wilcoxon Sign Rank. N-sizes = 13-15 per genotype.
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Behavioural Brain Research 343 (2018) [41] [42] [43] [44] [45] [46] [47] [48] [49] mice the impairments were much worse across all three ages. Similarly, impairments in adhesive removal were observed earlier in male mice compared to female. Given the more profound phenotype of males on hindlimb stepping in the cylinder and errors on the beam, it is likely a "ceiling effect" in males prevented determination of the effects of Atp13a2 deficiency. Collectively in females, locomotor activity and motor performance on the beam were most sensitive to the double mutation. While in males, response to sensory stimuli and spontaneous activity were most affected. In both sexes, gait was essentially unaltered by each mutation alone or in combination. This suggests the severity of the pathology in the brain likely varies across the brain regions important in each aspect of sensorimotor function (e.g. substantia nigra, basal ganglia, and cortex). Taken together, the double mutant mice show effects of aging and sex similar what is observed in PD. Sex differences in PD have been reported previously with a higher prevalence in males [46] [47] [48] . Previous studies in rodent models of PD also show sex differences both in pathology and sensorimotor function [49] [50] [51] [52] . In the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) model of PD, male mice have higher levels of dopamine depletion than females, increases in dopamine turnover were more pronounced in females than males, increases in inducible nitric oxide synthase (iNOS) occurred faster in males than females, and gonadectomized male mice treated with MPTP perform better on the rotarod than females [49, 50, 53] . In the lipopolysaccharide (LPS) model, female mice are more resistant to the endotoxin than male mice [50] . Further, in the 6-hydroxydopamine model, male mice have higher levels of dopamine E.R. Dirr et al. Behavioural Brain Research 343 (2018) [41] [42] [43] [44] [45] [46] [47] [48] [49] depletion than females and males make fewer hindpaw movements during rearing in the cylinder than females [52, 54] . These studies support a wide variety of behavioral and pathological differences between sexes in PD models.
In PD mouse models, some gene-gene interactions have been found to modify in vivo phenotypes and pathology while others have not [30, 55, 56] . For example, the Gaucher mutation (L444P GBA) worsens motor and gastrointestinal phenotypes in an A53T mouse model of PD [56] . In contrast, a lack of gene-gene interaction effects was found in parkin knockout with A53T aSyn overexpression and in triple transgenic Parkin/DJ-1/PINK1 knockout mice [55, 57] . The present study shows an exacerbation of the behavioral phenotype with the double 13a2-aSyn mutation; however, in a different line of Atp13a2-deficient mice crossed with mice overexpressing the mutated A53T form of aSyn under the prion promoter, no exacerbation of gliosis or lysosomal pathology was observed in the cortex or cerebellum in double mutants [30] . The behavioral phenotype was not measured in this double mutant line but compared to the present study there are several notable differences between models, including the type of aSyn overexpressed (WT vs A53T) and promoter used (thy1 vs prion). These factors likely account for any differences between the mice and highlight the rigor required to understand these complex interactions in vivo.
Loss of function of ATP13A2 may interact with aSyn overexpression through various mechanisms. Although the molecular function and substrate specificity of ATP13A2 remain unclear, in vitro studies involve it in lysosomal function, autophagy, exosome release, mitochondrial function, and heavy metal homeostasis [4] [5] [6] [7] [8] [9] [10] . Recent biochemical studies show that ATP13A2 activity depends on the signaling lipids phosphatidic acid and phosphatidylinositol (3, 5) bisphosphate and their interaction with the N-terminus of ATP13A2 [7, 58] . Both signaling lipids are associated with endo-/lysosomal membranes and are involved in vesicular trafficking, membrane fission and fusion, and autophagy [59] [60] [61] [62] [63] . This lipid-dependent ATP13A2 activity has also been shown to protect against the mitochondrial toxin rotenone in cells [7] . Based on these findings, loss of function of Atp13a2 could then potentially exacerbate lysosomal and mitochondrial dysfunction already present in aSyn overexpressing mice [64, 65] . Current studies are now examining the effect of the double mutation (13a2-aSyn) on aSyn accumulation, lysosomal and mitochondrial function, and neuronal integrity in the brain in these mice. In conclusion, this is the first study to show in vivo that loss of function of Atp13a2 exacerbates the behavioral phenotype in aSyn overexpressing mice indicating a pathological Adhesive ↑, ↑↑, ↑↑↑ represents significant increase at p < 0.05, 0.01, 0.001, respectively, compared to WT at the same age. ↓, ↓↓, ↓↓↓ represents significant decrease at p < 0.05, 0.01, 0.001, respectively, compared to WT at the same age. ⇑, ⇑⇑ represents significant increase at p < 0.05, 0.01, respectively, compared to same genotype at 2m. ⇓, ⇓⇓ represents significant decrease at p < 0.05, 0.01, respectively, compared to same genotype at 2m.
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